The risk of developing type 2 diabetes and cardiovascular disease in women who had previously been diagnosed with gestational diabetes (GDM) is well established. There is increasing evidence that the offspring of women with GDM are at increased risk for the development of all components of the cardiorenal metabolic syndrome. Overall, it appears that these offspring have an increased risk for overweight/obesity, insulin resistance, higher blood pressure, renal disease, and type 2 diabetes. However, distinct differences in regional populations, lack of routine screening and treatment of GDM worldwide, and long follow-up periods for offspring represent a challenge in assessing the risk for development of these abnormalities in the offspring of women who have had GDM.
GDM Predisposes to Development of Hypertension in Offspring
Studies of the relationship between maternal GDM and blood pressure in offspring have been mixed. The Jerusalem perinatal study was a large cohort of 1 60,000 singleton births from 1964 and 1976. Women with GDM were identified and their children were evaluated at the age of 17 years for several characteristics, including blood pressure. No significant link between GDM and systolic blood pressure was found. However, offspring of mothers with higher pre-pregnancy BMIs were more likely to have higher diastolic blood pressure (DBP), suggesting a stronger link between BMI and DBP than GDM and DBP [7] . In contrast, in a retrospective study in Pima Indians, systolic blood pressure in children aged 7-11 years was significantly increased in the offspring of women with GDM [8] . This relationship remained significant even when adjusted for birth weight or childhood adiposity. In a third study, the systolic and mean arterial blood pressure was significantly higher in the children of mothers with GDM, even when adjusted for higher maternal BMI [9] .
Offspring of mothers with GDM are at increased risk for excessive BMI. A study in the UK examined the relationship between GDM and overweight/obesity in adolescent offspring, ages 9-11 years, demonstrating an increased risk with maternal GDM (but not pre-existing type 2 diabetes mellitus) [10] . During adolescence, the risk of overweight and obesity was also higher in the progeny of women with GDM. By age 17 years, a higher BMI was also significantly as- Fig. 1 . Maternal GDM and associated CRS in offspring. The imbalance in the levels of leptin/adiponectin in the neonate of a mother with GDM affects the neurodevelopment of appetite centers in the hypothalamus causing hyperphagia. Diabetes during gestation causes an inflammatory response at the level of the placenta. The ROS generated in the maternal-fetal placenta microenvironment can induce inhibitory or permissive gene expression resulting in chromatin epigenetic remodeling of genes in multiple organs including the pancreas, kidney, heart, and muscle. The future development of the CRS is mediated by these modifications in the transcriptome and the presence of persistent stressors in the future life of the offspring. ROS = Radicals of oxygen species; NO = nitric oxide. sociated with GDM [7] . A prospective cohort study of 1 280,000 men found that the trend of obesity in the offspring of women with GDM continues to be seen into early adulthood [11] .
From available data, it can be concluded that overweight/obesity and maternal weight gain during pregnancy are not only risk factors for GDM, but for overweight and obesity in offspring [12] . Independent of GDM, obese women and those with excessive weight gain in pregnancy are more likely to have obese offspring [13] . Offspring of obese mothers are also at higher risk of developing cardiovascular disease, fatty liver disease, renal disease, and impaired glucose intolerance and type 2 diabetes [14] .
Type 2 Diabetes in Offspring
It is well established that women with GDM have an increased risk of developing type 2 diabetes mellitus [15] . Several groups have investigated the relationship between type 2 diabetes in offspring and their mothers who had GDM. Studies are difficult to compare due to differences in screening for GDM and treating GDM worldwide, and due to different ethnicity-linked genetic factors and environmental exposures.
A study in Pima Indians (a known high-risk population for type 2 diabetes) investigated the relationship between intrauterine hyperglycemia and later development of type 2 diabetes in offspring [16] . The researchers evaluated sibling pairs in which one sibling was born prior to and one born after the maternal diagnosis of type 2 diabetes. They concluded that the siblings born after the diagnosis (hence hyperglycemia during gestation) were at higher risk for developing type 2 diabetes and obesity than the siblings exposed to normoglycemic intrauterine conditions [16] . This suggests that maternal hyperglycemia is one factor driving the development of diabetes in children of women with GDM ( fig. 1 ).
Another Pima Indian study examined the effect of impaired glucose tolerance in the third trimester of pregnancy [17] . Young adults who were born to mothers with impaired glucose tolerance in pregnancy (blood glucose 140-200 mg/dl 2 h following 75-gram oral glucose challenge) were at a significantly higher risk of developing type 2 diabetes. At age 20 years, the cumulative risk of type 2 diabetes in the offspring was approximately 15%, with an increase to about 30% at age 24 years. The degree of hyperglycemia after glucose challenge in the third trimester correlated directly with the risk of type 2 diabetes in offspring. Those who were born to mothers with known type 2 diabetes had the highest risk (51%) at 24 years, while those whose mothers displayed normoglycemia had an 8% risk at 24 years. In a Danish study, the offspring of women with GDM had an 8-fold increased risk of diabetes/pre-diabetes due to any diagnosis -ranging from GDM to pre-existent type 1 diabetes [18] . Data from this study also indicated that intrauterine hyperglycemia, whether the mother is known to have type 1 diabetes or GDM, is associated with type 2 diabetes and/or pre-diabetes in adult offspring. At age 22 years, the prevalence of type 2 diabetes/pre-diabetes was 21% in the offspring of mothers with GDM, 11% in those whose mothers had pre-gestational type 1 diabetes, and 4% in the offspring of mothers with no diabetes. For mothers with type 1 diabetes, hyperglycemia in the third trimester was associated with an increased diabetes risk in their offspring [18] .
Possible Mechanisms Involved in the 'Gestational Transmission' of Diabetes, Obesity, and Cardiometabolic Disease to the Offspring of GDM Mothers
Based on available data, it can be concluded that GDM is a risk factor for type 2 diabetes and CRS in the offspring. These results gave rise to the hypothesis that there is a form of 'gestational transmission' of diabetes and the CRS. Pathophysiology may include epigenetic modifications and the disarrangement in the balance between glucose, insulin, and other regulatory hormones involved in glucose homeostasis during the intrauterine and perinatal life [19] . Animal models have yielded evidence toward both intrauterine metabolic and epigenetic factors. Human studies are largely lacking.
Role of Epigenetic Mechanisms
Epigenetic mechanisms involve changes in gene expression without a change in the nucleotide sequence [20] . These include DNA methylation, post-translational histone modifications, and non-coding RNA-mediated silencing processes that can be transmitted from one cell generation to the next (mitotic inheritance) or be transmitted through generations (meiotic inheritance) [19, 20] . Environmental stressors can induce epigenetic changes, with a subsequent effect on phenotype which can be transmitted to the offspring. The hypothesis that fetal exposure to a detrimental environment such as intrauterine hyperglycemia and uteroplacental insufficiency causes an increased risk of developing impaired glucose tolerance or diabetes via epigenetic mechanisms was first postulated by Barker [4] . This hypothesis is supported by the recent advances elucidating potential target genes involved in the pathogenesis of diabetes such as the pancreatic homeobox transcription factor Pdx-1 involved in the differentiation of pancreatic ␤ cells and the understanding that gene expression relies on a complex interaction between DNA and transcription factors, the link between environmental factor, and epigenetic modifications.
Intrauterine growth retardation (IUGR) and/or low birth weight followed by accelerated growth and weight gain in infancy and childhood are associated with an increased risk of insulin resistance, obesity, diabetes, renal, and cardiovascular disease [19, 21, 22] . The oxidative stress and altered metabolic microenvironment related to the uteroplacental insufficiency may be responsible for modifications in the chromatin regulation and eventual transcription of important genes involved in the development of diabetes. It has been reported that Pdx-1 expression was reduced in a rodent model with IUGR [23] . Investigators were able to decode the epigenetic modifications involved in the cascade of events that concluded in a silent transcription of this important gene during adulthood causing diabetes. Pdx-1 is a pancreatic and duodenal homeobox 1 transcription factor that regulates pancreas development and ␤ cell differentiation. Pdx-1 was first described in the pathogenesis of the monogenic form of diabetes MODY 4. The cascade of events starting during intrauterine life through adulthood starts with a loss of USF-1 binding at the proximal promoter of Pdx-1, recruitment of histone deacetylases 1 (HDAC1) and the co-repressor Sin3A, and deacetylation of H3 and H4. After birth, histone 3 lysine 4 (H3K4) was demethylated and histone 3 lysine 9 (H3K9) was methylated. As a consequence, there is increased methylation in the CpG island proximal promoter of the Pdx-1 with a subsequent blunting of its transcription and development of diabetes during adulthood. Interestingly, these changes were reversible in rodents exposed to the antagonist of the HDAC1 only during the neonatal life [23] . GDM has not been associated with the IUGR commonly seen in mothers with diabetes pre-dating pregnancy. However, hyperglycemia and the pro-inflammatory state associated with GDM may increase oxidative stress in the utero-placental-fetal unit. In this case, both conditions, GDM and uteroplacental insufficiency, may share the same cascade of transcriptome events seen in the animal model and potentially explain a mechanism for fetal programming.
A recent study in humans demonstrated an association between the percentage of DNA methylation of the leptin gene in the placenta and glycemia in the 2-hour post oral glucose tolerance test (OGTT) performed at 24-28 weeks of pregnancy. In the same study, the percentage of DNA methylation in the placenta was inversely correlated with the mother's mRNA levels in the placenta and serum leptin levels. The correlation of DNA methylation of the leptin gene and the expression of leptin mRNA in the placenta and serum leptin in the mother is in conflict with previous observations [5] . Nevertheless, this is the first study in humans that supports epigenetic modifications related to hyperglycemia in pregnancy [24] . Moreover, the significance of these epigenetic changes for future offspring is uncertain and may be an area of interest for future research.
Disarrangement of the Maternal-Fetal Adipoinsular Axis during GDM and the Development of CRS and Diabetes in Offspring
The role of adipocytokines such as leptin, adiponectin, adipocyte fatty acid-binding protein (AFABP), and retinol-binding protein 4 (RBP4) in maintaining this balance of glucose between the mother and the fetus is still unclear, but animal model studies suggest that adipocytokines modulate the secretion of insulin in the maternal-fetal unit [25] . In GDM, an imbalance in the interplay between these adipocytokines and insulin secretion seems to be one of the reasons for the augmented insulin resistance in this disease.
Disarrangement of the adipoinsular axis during pregnancy may cause an excessive efflux of fuels through the placenta. The excess fuel supply may not only be teratogenic to the fetus, but may convey an increased risk for metabolic disorders far downstream in adulthood. This idea has arisen from observational studies that report hyperglycemia in GDM is an independent risk factor for obesity and diabetes in the offspring [26, 27] . Fetal adaptations to the increased concentration of glucose, amino acids, and lipids result in an excessive endogenous production of insulin and hyperplasia of ␤ cells in the pancreas. Other anabolic hormones, such as insulin growth factor-1 (IGF-1), have been found to be elevated in the placenta of mothers with GDM [28] . In GDM, fetal growth is regulated by interactions between the nutritional status and anabolic hormones that seem to be responsible for macrosomia and adiposity in the fetus. The effects of excessive nutrients associated with anabolic and growth properties may be associated with potential permanent damage in the fetal pancreas during a vulnerable 'window' of development with consequences that cannot be notorious until adult life [29] . In a rodent model of maternal diet-induced obesity with glucose intolerance and insulin resistance, the adult offspring developed glucose intolerance, hyperphagia, and fat accumulation. In the liver, altered expression of key components of the insulin signaling pathways occurred. The expression of insulin receptor substrate-1 (IRS-1) protein was decreased while phosphorylation of IRS-1 at Ser 307, an inhibitory signal of insulin action, was increased. These changes are key factors in the development of insulin resistance [30] . More fascinating is the notion that fetal hyperinsulinemia can cause permanent damage in the development of neuronal hypothalamic networks essential for energy balance and appetite [31] . Extrapolation of this finding in humans is more challenging considering that the fetal programming may differ between species.
Multiple attempts have been made to characterize the balance of leptin and adiponectin during pregnancies complicated with GDM. These two peptides are the most important orexigenic and anorexigenic hormones produced by the adipose tissue that control appetite, energy balance, and lipolysis. Leptin, for example, increases progressively through the pregnancy and reaches its peak at weeks [28] [29] [30] . By the end of pregnancy, serum leptin can be as high as 2-3 times the level in non-pregnant conditions, and after delivery this concentration drops to reach the non-pregnancy values by 6 weeks postpartum [32] . Investigators have demonstrated that leptin in the cord blood is also elevated, correlating with birth weight and fetal adipose tissue mass. However, maternal serum leptin is significantly higher and does not have a correlation with the umbilical cord levels [33] . This finding suggests that leptin in the umbilical cord originates and reflects the fetal nutrition status. In GDM, the leptin data are even more interesting: leptin levels in the cord serum of neonates are increased in comparison to controls [25] . The same observations have been reproduced in studies with ewes, where leptin mRNA from fetal adipose tissue was positively correlated with hyperinsu-linemia [34] . On the other hand, the results of maternal leptin in this condition are contradictory as the majority of studies demonstrate an increase in serum leptin in comparison to mothers with normal OGTT. These differences in results are not well understood and may represent differences in ethnicity, BMI, or age between the groups [5, 35] .
Adiponectin, a protein exclusively produced in the adipocyte and considered an insulinsensitizing, anti-inflammatory, and anti-atherogenic adipokine, was found to be lower in the maternal serum of mothers with GDM and mothers with normal oral OGTT in comparison to the level in cord blood, respectively. In the same study, Ortega-Senovilla et al. [25] demonstrated that maternal serum adiponectin in GDM was decreased (p ! 0.001) in comparison to the control group. They also observed a similar decrease in adiponectin in the cord blood of mothers with GDM when compared to the control group [25] . The role of adiponectin in pregnancy is unclear. Moreover, in healthy adults, adiponectin increases the insulin sensitivity in periphery tissues and acts as a starvation signal. The decreased levels in mothers and fetuses exposed to GDM may imply a decrease in anorexigenic messages to the hypothalamus and an increase in insulin resistance. There is not sufficient evidence that abnormalities of adiponectin levels will affect the newborn in adulthood. It is even less clear if low adiponectin during the fetal life can be related to the development of diabetes in the future.
Diagnosis and Treatment of GDM
In recent years, the screening and diagnostic criteria for GDM have changed. The ADA position statement published in January 2011 recommends that all women known to have diabetes should undergo a screening test with a 75-gram OGTT during weeks 24-28 of gestation. The diagnosis of GDM is made if any of the following plasma glucose values are exceeded: fasting 1 92 mg/dl (5.1 mmol/l), 1 h 1 180 mg/dl (10 mmol/l), 2 h 1 153 mg/dl (8.5 mmol/l) [36] .
Current guidelines recommend strict glycemic control for GDM. Fasting blood sugar should be ! 90 mg/dl and ! 120 mg/dl 2 h postprandial. Diet and exercise are the main pillars in the treatment of GDM. The drug of choice in GDM is insulin. Treatment must manage hyperglycemia without causing hypoglycemia or compromising fetal nutrition.
Hyperglycemia is a known teratogen with effects ranging from preterm labor and preeclampsia in the mother to macrosomia, neonatal hyper-and/or hypoglycemia, dystocia of the shoulder at delivery, or congenital anomalies in the infant. The Australian Carbohydrate Oral Intolerance Study (ACHOIS) in pregnant women concluded that dietary and drug therapy reduces morbidity in the infant and improves health-related quality of life in women [37] . Multiple daily injections have been the mainstay for treatment, and achieving euglycemia is known to reduce the risk of complications for both mother and infant. Few drug studies have been performed in this population, and most evidence is observational. Insulin pumps are becoming a popular treatment modality, but studies have yet to prove that they are superior to multiple daily injections [38] .
Newborns of mothers with GDM have an increase in fat mass which may be due to overnutrition (hyperglycemia) during pregnancy. Added fat mass may then lead to insulin and leptin resistance in these infants [39] . One group compared treatment of GDM with metformin or with insulin by looking at the body composition of the offspring at 2 years of age [40] . The children in the metformin group had larger upper arm and subscapular skin fold thickness, as well as larger upper arm circumference. Glucose control in the mothers during pregnancy was the same, as were baseline characteristics. Overall, the percentage of body fat, central-to-peripheral fat, and other measures were the same in both groups. The authors hypothesized that metformin treatment may have led to more subcutaneous fat deposition, which is more favorable than visceral fat on various CRS components. Further investigation is needed to determine visceral fat deposition and associated risk, and to determine if metformin should be a mainstay of treatment.
The maternal diet has also been implicated in the development of the offspring. It is suggested that the quality of carbohydrates consumed during pregnancy may affect outcome in the offspring. Mothers with insulin resistance and GDM may be able to decrease their insulin resistance and improve glucose tolerance by eating more whole grains and fiber as opposed to a more Western diet consisting of simpler carbohydrates and fatty foods [41] . A meta-analysis has shown that a low glycemic-index diet during pregnancy lowers the risk for macrosomia at birth and lowers adiposity measurements at birth, but overall, was inconclusive in other outcomes for the offspring [12] . Decreasing intrauterine hyperglycemia may be beneficial to the metabolic profile of the offspring later in life, but more studies are needed.
